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Abstract
Traditionally, hollow fiber membrane contactors used for gas–liquid contacting were designed in a shell and tube configuration with shell-
























dparallel flow’ contactors are the shell-side flow channeling or mal-distribution due to non-uniform packing of the hollow fibers, higher shell-
ide pressure drop and relatively lower mass transfer coefficients. These limitations can be eliminated or reduced substantially by placing
ollow fibers perpendicular to the flow direction. In these cross-flow membrane contactors the concentrations of both fluids vary in both
irections i.e. in the direction of the flow as well as in the direction perpendicular to the flow. Hence, unlike parallel flow contactors, simple
ogarithmic averaging of the concentration driving force cannot be used to predict performance of the cross-flow membrane contactors. Similar
hanges in the driving force are also found in the cross-flow shell and tube heat exchanger. An analytical expression based on heat transfer
nalogy is derived in this work to describe the mass transfer in these hollow fiber cross-flow contactors. However, it was found that when the
hange in the volumetric flow of the compressible fluid is significant heat transfer analogy cannot be used to predict the performance of the
ross-flow gas–liquid membrane contactor. Therefore, a detailed numerical model is developed to analyze the performance of the cross-flow
embrane contactor in such cases. The model takes into account the shell-side mixing, change in concentration driving force in all direction
s well as cascading two or more cross-flow modules to give overall co- or counter-current flow arrangement. To validate the model and
eveloped analytical expression, carbon dioxide absorption experiments were carried out in cross-flow membrane contactor using water as a
olvent. The predictions of the developed numerical model were found to be in good agreement with the experimental results.
2004 Elsevier B.V. All rights reserved.
eywords: Hollow fiber membranes; Membrane contactors; CO2 absorption; Cross-flow; Modelling
. Introduction
The use of micro-porous membranes for indirect contact-
ng of two immiscible phases, such as gas and liquid, with-
ut dispersing one phase into another is a relatively new
oncept. The relative merits of these membrane contactors
re operational flexibility, high mass transfer rates, com-
actness and easy scale up [4]. These unparalleled advan-
ages over the conventional column type of contactor seem
∗ Corresponding author. Tel.: +47 73594598; fax: +47 73594080.
E-mail address: vishwas.dindore@chemeng.ntnu.no (V.Y. Dindore).
to make the membrane contactors ideal for various indus-
trial gas–liquid contacting processes. In general hollow fiber
membrane contactors are preferred over flat sheet membrane
contactors due to the higher interfacial area. Based on the
flow directions of the gas and liquid phase, the hollow fiber
membrane contactor can be used in two different modes of
operation.
1. Parallel ﬂow mode: the flow of the both phases is parallel
to the axis of the fiber and both fluids flow either in same
direction (co-current) or in opposite direction (counter-
current).
376-7388/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Parallel-flow hollow fiber module; (b) cross-flow hollow fiber
module.
2. Cross-ﬂow mode: the shell-side fluid flows perpendicular
to the axis of fiber. Thus the two fluids flow at right angles
to each other.
The operation principle of these modes of operation is
shown in Fig. 1a and b. Parallel flow offers the highest average
concentration driving force in the case of counter-current flow
and is preferred in situations where membrane or fiber-side
mass transfer resistance controls [13]. However, when the
shell-side mass transfer resistance is significant, cross-flow
operation is preferred as it offers several advantages such as
relatively high mass transfer coefficients, minimized shell-
side channeling and lower shell-side pressure drop when
compared to the parallel flow contactors [14]. Jansen et al.
[7] used the cross-flow membrane module for the reactive ab-
sorption of SO2 and found that mass transfer coefficient for
the cross-flow modules are typically one order of magnitude
higher than that for the conventional parallel flow modules. In
addition, these authors also found that the shell-side pressure
drop was considerably lower than that for the conventional
parallel flow modules. This difference in the module perfor-
mance is mainly due to the flow path taken by the shell-side
fluid. The differences in shell-side fluid paths affect module
performance in two ways. First, the extent of mass trans-
fer varies from streamline to streamline due to the residence










layer break-up occurs due to continuous splitting and remix-
ing of the shell-side fluid resulting into more turbulence in
the mass transfer zone. Hence the mass transfer coefficient
obtained in the cross-flow contactors turns out to be higher
as compared to the parallel flow contactors. In industry, these
rectangular cross-flow modules are commercialized by TNO
Environmental Energy and Process Innovation [5] and by
Kvaerner Oil & Gas in co-operation with W.L. Gore & Asso-
ciates GmbH [6] for CO2 capture from various gas streams.
Furthermore, other commercial applications such as removal
of NOx and SO2 from waste-incineration off-gas, removal of
mercury, H2S and water from natural gas, removal of VOC
from gas streams, etc. can be envisaged.
The mode of operation of membrane contactor can signif-
icantly affect the design and construction of the module. In
case of the cross-flow membrane contactors the concentra-
tions of both fluids vary in both directions i.e. in the direction
of the flow and in the direction perpendicular to the flow.
Hence, unlike parallel flow contactors, simple logarithmic
averaging of the concentration driving force cannot be used
to predict the performance of the cross-flow contactors. This
makes the design of cross-flow membrane contactor compar-
atively difficult. Similar local variations in the driving force
with position are also found in the cross-flow heat exchanger.





























flpread in residence time and shell-side channeling result in
ower mass transfer rates. Moreover, severe mal-distribution
f shell-side fluid may also result in dead zone formations. As
ross-flow operation has reduced shell-side channeling and
esser possibility of shell-side fluid mal-distribution as com-
ared to the parallel flow contactors, the performance of the
ross-flow contactor is better. Secondly, the local mass trans-
er coefficient is a function of local velocity and turbulence.
n case of cross-flow contactors the concentration boundaryactors along with the change in the concentrations the vol-
metric flow of the gas phase can also change significantly
ver the volume of the module. Therefore the performance
f these types of contactors needs to be analyzed by detailed
athematical modelling.
Wang and Cussler [13] modeled a baffled rectangular
ross-flow membrane contactor using iterative and finite dif-
erence methods. However, in both methods authors used an
veraged driving force and did not consider the change in
riving force in all directions, nor the mixing on the shell
ide. Bergero and Chiari [2] studied and modeled the hu-
idification/dehumidification process in a cross-flow mem-
rane contactor. The steady state model developed by these
uthors assumes both phases to be completely mixed and
ses bulk mean temperature and water concentration for wa-
er flux calculation. Furthermore in both of these works, the
ass transfer coefficient on shell side as well as on fiber side
as included as external input parameter.
In the present work, a numerical model is developed to
escribe and predict the performance of cross-flow mem-
rane contactors. The model is based on first principles and
akes into account shell-side mixing, change in concentra-
ion driving force in all directions as well as the cascading
f two or more cross-flow modules to give overall co- or
ounter-current flow pattern. In addition, analytical expres-
ion analogous to heat transfer in cross-flow shell and tube
eat exchangers is also derived to describe the mass transfer
n these hollow fiber cross-flow contactors. To validate the
umerical model as well as the analytical expression experi-
entally, carbon dioxide absorption was carried out in cross-
ow membrane contactors using water as a solvent. The main
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aim of the study was to study the performance of cross-flow
membrane contactors using a numerical model based on first
principles; hence the experiments were performed with water
on the fiber side and gas on the shell side. The liquid on the
fiber side also helps in the visual inspection of fiber for pos-
sible wetting of the membrane fibers. However, it should be
noted that passing the phase with the controlling mass transfer
resistance on the shell side gives a better overall performance.
2. Application of heat transfer analogy
The literature on the mathematical analysis of cross-flow
heat exchangers is mainly focused on the calculation of mean
temperature difference in single-pass and multi-pass heat ex-
changers for various shell-side mixing patterns [9,10]. In the
present work, shell-side fluid is considered completely mixed
and the fiber-side fluid is assumed to consist of independent
streams between which there is no mixing. The derivation
of the analytical expression is carried out for the case of
single-pass cross-flow membrane contactor. Since the shell-
side fluid is considered as completely mixed in the direction
normal to its flow, there is no concentration gradient normal
to the flow of fluid. The average dimensionless outlet concen-

























1. steady state and isothermal operation (non volatile liquid
phase);
2. laminar flow within the fiber;
3. the membrane pores are gas filled;
4. the shell-side flow can be described by a number of ideally
mixed cells in both directions;
5. pitch and placing of the fibers are well defined and uni-
form.
Using above assumptions, the steady state mass balance

















In arriving at Eq. (2), the diffusion in axial direction was
neglected and axis-symmetry of the hollow fiber was as-
sumed. Since the liquid flow inside the fiber is laminar, the








This set of partial differential equations need to be solved
for each component with the initial condition:



















ising the overall mass balance the average concentration of
he fiber-side fluid can also be calculated. The mathematical
erivation of the outlet concentration of the shell-side fluid
s given in Appendix A:













In membrane gas–liquid contactors, the gas phase flow
an change considerably due to absorption. This is especially
rue when the gas stream contains a considerable amount
f a highly soluble solute gas and particularly important at
igher removal rates. In multi-component absorption pro-
esses, the higher absorption of one component results in
n increase in the partial pressure of the slower absorbing
omponent resulting into increased driving force for slower
bsorbing component. This inverse coupling of the concen-
ration differences leads to a complex situation where the
irect application of the cross-flow heat exchanger anal-
gy may lead to erroneous results. Moreover, when the ab-
orption of one (or more) gaseous component is enhanced
y a chemical reaction, the heat transfer analogy is no
onger valid. Hence it is necessary to develop a numeri-
al model that takes into account the changes in the gas
ow rate as well as variations in the concentration driving
orce. The present numerical model is based on the following
ssumptions:At the centre of the fiber the concentration profile is sym-
etric which results in the boundary condition equation (5):





= 0 (0 z L) (5)
At the gas–liquid interface i.e. the membrane wall mass
ransfer of the solute component occurs, which is described
y Eq. (6):






= kext(Cj,G,bulk − Cj,G,i) (0 z L) (6)
here ‘kext’ is the overall mass transfer coefficient obtained
y combining membrane wall and gas phase transport resis-
ance respectively. For a non-volatile liquid phase compo-
ent flowing through the fiber, the boundary condition at the
as–liquid interface is given by Eq. (7):





= 0 (0 z L) (7)
A typical operation of a cross-flow membrane contactor
s illustrated in Fig. 2 with liquid flowing through the hollow
bers and gas flowing on the shell side. The solvent at the
ntrance of the cross flow membrane contractor can either be
resh, unloaded solution or partially saturated with the solute,
hereas at the outlet of the liquid stream the solvent has an
ncreased solute loading. Thus there is a gradual decrease
n the driving force along the length of fiber. This results
nto higher absorption rates at the liquid entrance side as
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Fig. 2. Cross-flow membrane contactor and cell arrangement for shell-side flow.
compared to the liquid outlet side. As a consequence the drop
in shell-side solute concentration, in the direction of gas flow,
is deeper near the liquid entrance as compared to the drop in
the shell-side solute concentration near the liquid exit. This
effect is significant when the concentration of the solute in the
gas stream is high and/or the solubility is high, thus resulting
into the higher removal rates in the membrane contactor. To
take this effect into account, the shell-side stream is divided
into a number of unit cells. This cell method preserves the
concentration gradients of the gas and liquid phase in both
directions. The applied cell arrangement is shown in Fig. 2.
Each cell is assumed to be completely, ideally mixed and
there is no back mixing in the direction of the flow. The
number of cells in the direction of the flow represents the well
known “CSTR in series” model. Note that in the direction
perpendicular to the gas flow mixing takes place between






) = Am,nJm,j (8)
where ‘Am,n
′
and ‘Jm,n’ are the mass transfer area and mass







the inlet of the module. The composition and gas flow rate
leaving the row of cells were stored and used as inputs for
the corresponding cells in next row. At the last row, the av-
erage outlet concentration was calculated by the mixing cup
method.
Three different stages of mixing can be defined and were
used for the mixing between the adjacent cells in this model.
First option assumes no mixing between the adjacent cells,
so the entire row of the gas moves up to the next segment.
This rule results into maximum concentration gradient on
the shell side. The second option is that the gas leaving one
segment is completely mixed (along z-axis) before entering
next segment. The third option is an intermediate case with
respect to the first two alternatives. In this case, the mixing
between the adjacent cells perpendicular to the flow direction
is calculated using Fick’s law (see Fig. 2):






where ‘E’ is the dispersion coefficient between the adjacent
cells in the direction perpendicular to the flow. To get an
impression of actual shell-side dispersion coefficients, in the
direction of flow and in the direction normal to the flow,
these parameters were determined in separate experiments





bBased on this mass balance for a single cell the solute
utlet concentration and the gas outlet flow rate can be cal-
ulated for every cell by an iterative method. Ideal gas law
as assumed to calculate change in volumetric flow rate. To
nitiate the calculation, the gas concentration, gas flow rate
nd liquid concentration were assumed to be uniform overnd results are presented elsewhere [3] and are used in this
tudy.
The complete solution of the model was obtained by solv-
ng of a system of non-linear parabolic partial differential
quations (Eqs. (2)–(9)), subjected to specified initial and
oundary conditions, simultaneously with the shell-side mass
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Table 1
Module specifications
Module Fiber type Length (m) Width (m) Height (m) No. of fibers Voidage Pitch A (m2)
I PP 0.1 0.1 0.1 4900 0.615 1.45 0.924
II PP 0.1 0.04 0.04 400 0.8 2.0 0.074
balance. The final set of the partial differential equations were
discretised using the implicit second order scheme based on
the Baker and Oliphant [1] method and solved using a tech-
nique similar to the one described by Versteeg et al. [11]. The
concentration profiles on the shell side as well as on the fiber
side were obtained as a solution.
4. Experimental
4.1. Material
Double distilled water was used as an absorption solvent.
Carbon dioxide and nitrogen used in the experiments were of
99.99% purity. Owing to the commercial availability and the
high hydrophobic nature of polypropylene as a membrane
material, it was decided to use an Accurel Q3/2 polypropy-
lene hollow fiber (outside diameter = 1000m; inside diam-
eter = 600m; maximum pore size = 0.64m) for module
construction. Two modules were used in the experiments.
The details of the modules are given in Table 1.
Module I was provided by TNO-MEP, Apeldoorn, and
module II was specifically constructed for the present work.
The details of the modules are shown in Fig. 3a and b. Both






the epoxy resin. To arrange the fibers uniformly the tube-
sheets of the module II were drilled with 1.2 mm precision
drill with square pitch. The fibers were then woven through
the tube sheets. Once all fibers were woven, a liquid epoxy
resin (slow setting) was poured on the tube sheet to fill the
gaps between the fibers. Sufficient time (12 h) was allowed to
cure the epoxy. The procedure was repeated until the desired
length of the epoxy glue was obtained. The same procedure
was used to pot the other end of the module. In both modules
the length of the potting was more than 5 cm. This ensures
that the potting length on the liquid entry side provides suf-
ficient distance (>10din) for the laminar liquid flow profile
inside the fiber to be fully developed, before it contacts the
gas. Uniform flow distribution on the shell side is important
to prevent the mal-distribution and dead zones formation.
To achieve uniform flow distribution on the shell-side, fluid
was passed through an area-reducer filled with glass wool as
packing material.
4.2. Method
The experimental set-up to study the physical absorption
of carbon dioxide in the cross-flow membrane modules is
shown in Fig. 4. A continuous mode of gas–liquid contact-






dule I;rranged in square pitch. For construction simplicity, the shell
ousing of module II was kept circular with an internal diam-
ter of 5 cm. To make the shell-side flow area rectangular in
ross section, a rectangular opening was cut from the circu-
ar shell and the concave volume of the shell was filled with
Fig. 3. (a) Cross-flow membrane moas passed through the fibers and gas was passed through
he shell side. The solvent (water) was fed from a gear pres-
ure pump via a flow controller. The water used in the ex-
eriments was degassed before usage by nitrogen bubbling
n a separate apparatus. The water was passed through the
(b) cross-flow membrane module II.
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Fig. 4. Cross-flow membrane module experimental set-up.
heat exchanger to maintain the desired temperature before
passing to the hollow fiber membrane module. The upstream
solvent pressure was controlled using a high-precision back-
pressure controller valve. In all experiments, sufficient gas
pressure was maintained in the contactor before starting the
liquid flow as the absence of the gas pressure may result in the
wetting of the fiber. The liquid inlet and liquid outlet pressures
were measured separately using digital pressure indicators.
The liquid inlet was also fitted with a digital thermometer to
monitor the liquid inlet temperature. The average velocity of
the liquid through the fibers was measured by collecting a
calibrated amount of sample in a fixed period of time.
The shell-side gas flow was adjusted using Brooks pre-
cision mass-flow controllers. All mass flow controllers were
calibrated by means of a gas flow meter and/or soap film me-
ter. Nitrogen and carbon dioxide were premixed to a desired
concentration using mass flow controllers and fed to the con-
tactor after saturating the gas stream with water vapor. The
shell-side pressure was controlled using a 5866-Brooks digi-
tal pressure controller. During all the experiments the liquid-
side pressure was kept higher than the shell-side gas pressure
to avoid the bubbling of gas. The gas inlet and gas outlet
pressure were measured separately using digital pressure in-
dicators. The gas inlet and gas outlet were also equipped
with digital thermometers to monitor the temperatures. It is
i
g
result into a change in the volumetric gas flow rate. The car-
bon dioxide concentration in the feed and outlet gas streams
of the contactor was measured using Maihak Infrared carbon
dioxide analyzers of different ranges depending on gas com-
position (0–5 and 0–15%). The experiments were carried out
using either pure carbon dioxide or mixed streams of nitrogen
and carbon dioxide. The samples of the gas stream were ad-
justed by dilution with calibrated amounts of nitrogen in order
to arrive at the concentration range required by the infrared
analyzer. The carbon dioxide absorption flux and liquid aver-
age outlet concentration were calculated by an overall mass





In membrane gas–liquid contactors, although gas is only
in contact with liquid at the pore mouths, total membrane
area needs to be used as the mass transfer area [8]. Hence,
in calculating the carbon dioxide absorption flux using Eq.
(10), total physical membrane area is used. The liquid outlet
concentration can be calculated by taking solute mass balance
over the contactor and is given by Eq. (11):




mportant to know both inlet and outlet temperatures of the
as stream in order to check any cooling effect which mightSince the infrared analyzer gave carbon dioxide concen-
ration in terms of volume percentage, it was possible to
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Table 2
Experimental details
Volume (% CO2) CO2 (mol m−3) Module arrangement Average pressure
(atm)




2.5 1.20 Single unit type: II 1.15 293 14.36 1.0–1.5
30.0 14.62 Single unit type: II 1.18 295 25.6–8.8 1.0–10.0
87.5 51.69 Single unit type: II 1.43 295 26.6 1.1–16.7
100.0 45.36 Single unit type: II 1.10 295 52.1 0.9–3.3
70.0 39.33 Single unit type: I 1.36 295 3.7 1.1–9.1
30.0 14.13 Single unit type: I 1.14 295 4.5 1.1–7.7
70.0 34.82 Two type I units: co-current 1.20 294 6.42 1.2–8.3
70.0 34.82 Two type I units: counter-current 1.20 294 6.42 1.3–10.0
calculate both the volumetric gas flow rate and the molar
concentration of carbon dioxide by mass balance. In all ex-
periments the gas flow rate was kept sufficiently low so that
the outlet gas flow rate and molar concentration of the carbon
dioxide were significantly lower than the inlet conditions. All
the experiments were carried at ambient conditions. The de-
tailed experimental conditions are given in Table 2. The sol-
ubility of carbon dioxide in water at experimental conditions
was taken from Versteeg and van Swaaij [12].
5. Results and discussions
5.1. Absorption experiments with single module
Experiments were carried out in module II to study the in-
fluence of various operating parameters such as gas-velocity,
liquid-velocity and CO2 partial pressure on the module per-
formance. In all experiments the gas residence time in the
membrane module was kept considerably high to get a sig-
nificant change in the gas phase concentration. Initial experi-
ments were carried out using very low percentage of the car-
bon dioxide in the inlet gas stream and low rates of removals
in order to avoid large changes in the volumetric gas flow rate







with constant gas inlet flow rate of 0.65 l/min. It can be seen
from the figure that with increase in the liquid velocity both
liquid and gas outlet concentrations decrease. The numerical
model using third mixing option and the heat transfer anal-
ogy (HT) predictions of outlet gas and liquid concentrations
are both in good agreement with experimental results. The
effect of mixing option in the numerical model was found to
be negligible due to the flat shell-side concentration profile.
It is important to note that in these experiments CO2 removal
was always less than 15%. Moreover, the change in volumet-
ric flow rate of the gas was very small (less than 0.5%) and
allowed to be neglected.
To analyze the effect of a change in the volumetric flow
rate of the gas stream, experiments were carried out at rela-
tively high removal rates and using a gas stream containing
a high percentage of carbon dioxide. Figs. 6 and 7 show the
gas and liquid outlet concentrations for the absorption of 30%
(14.62 mol m−3) and 87.5% (51.69 mol m−3) carbon dioxide
in module II, respectively. The experiments were carried out
at constant inlet gas flow rate of 0.38 l/min and 0.36 l/min for
absorption of 30 and 87.5% carbon dioxide, respectively. It
can be seen from the graphs that both gas phase and liquid
phase outlet concentration are strong functions of the liq-
uid velocity. Both liquid and gas phase outlet concentrations





flutlet concentrations of carbon dioxide for the absorption of
arbon dioxide into water as a function of the liquid veloc-
ty through the fiber. The experiments were carried out using
.5% (1.2 mol m−3) carbon dioxide in the inlet gas stream
ig. 5. Carbon dioxide (2.5%) absorption in module II for constant inlet gas
ow rate of 0.65 l/min.ith experimental results. However, the gas phase concen-
rations predicted by heat transfer analogies (HT) are lower
rom the experimental results and this deviation increases
ig. 6. Carbon dioxide (30%) absorption in module II for constant inlet gas
ow rate of 0.38 l/min.
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Fig. 7. Carbon dioxide (87.5%) absorption in module II for constant inlet
gas flow rate of 0.36 l/min.
with the liquid velocity. As a result of the lower predicted gas
phase concentration and hence lower predicted mass trans-
fer driving force, the liquid outlet concentrations calculated
by heat transfer analogy (HT) are also lower as compared
to the numerical model. In general, the transfer of moles
from gas phase to the liquid phase results into decrease in
the gas phase volumetric flow rate as well as decrease in
the gas phase solute concentration. However, the analytical
expression based on heat transfer analogy is derived assum-
ing the constant volumetric flow rate for both gas and liquid
phase and only takes into account the change in the solute
concentration. As the solute concentration in the gas-phase
and the removal rate increase, the decrease in the volumetric
flow rate is more pronounced than the decrease in the solute
concentration. In present case, the change in volumetric gas
flow rate was more than 10% for both conditions. In addi-
tion, percentage removal as well as change in gas flow rate
increases with the liquid velocity and hence the deviation
in the prediction of gas phase outlet concentration by heat
transfer analogies also increases with the liquid velocity. In
the asymptotic case of a pure gas and isobaric operation only
the volumetric flow rate will change. Fig. 8 shows the absorp-
tion of pure carbon dioxide in module II for constant inlet gas
flow rate of 0.18 l/min. Thus when solute gas phase concen-
F
fl
Fig. 9. Effect of liquid velocity on the absorption flux (module II) for con-
stant inlet gas velocities (VG = 1.6× 10−3 m s−1 for the absorption of 30%
CO2; VG = 1.5× 10−3 m s−1 for the absorption of 87.5% CO2).
tration is relatively high and removal rate is significant, heat
transfer analogies based on the constant flow rate cannot be
used to estimate the module performance. Fig. 9 shows the
absorption flux as a function of the liquid velocity at constant
gas velocities (1.6× 10−3 m s−1 for the absorption of 30%
carbon dioxide and 1.5× 10−3 m s−1 for the absorption of
87.5% carbon dioxide). Fig. 10 shows the absorption flux as
a function of the gas velocity at constant liquid velocity of
0.055 m s−1. The absorption flux is a strong function of the
liquid velocity whereas the gas velocity has almost a negli-
gible influence on the absorption flux. This confirms the fact
that in the case of physical absorption of a sparingly soluble
gas, the controlling mass transfer resistance lies on the liquid
side.
Similar results were obtained for absorption of carbon
dioxide using the larger module I. The results are presented
in Figs. 11 and 12. The gas flow rate during the experiment
was kept constant at 16.1 l/min for the absorption of 70%
(39.33 mol m−3) carbon dioxide and at 13.3 l/min for the ab-
sorption of 30% (14.13 mol m−3) carbon dioxide. The per-
centage removal of carbon dioxide in both experiments was
very low, typically below 8%, due to the low gas residence
F
lig. 8. Absorption of pure carbon dioxide in module II for constant inlet gas
ow rate of 0.18 l/min.ig. 10. Effect of gas velocity on the absorption flux (module II) for constant
iquid velocity (VL = 0.055 m s−1).
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Fig. 11. Effect of liquid velocity on the liquid outlet concentration for absorption in module I for constant inlet gas flow rate (QG = 16.1 lit/min for the absorption
of 70% CO2; QG = 13.3 lit/min for the absorption of 30% CO2).
time. Hence, the model as well as the heat transfer analogy
predictions of gas outlet concentrations are in good agree-
ment with the experiments.
5.2. Absorption experiments with two modules in series
For any set of concentrations, the average concentration
difference between the two phases is higher for counter-
current operation compared to the co-current or cross-flow ar-
rangement. Therefore the performance of the counter-current
flow arrangement is generally assumed to be better for pro-
cesses involving equilibria. An overall counter-current and/or
a co-current pattern can be realized by cascading two or
more cross-flow modules while maintaining the advantages
of cross-flow operation at each stage. The co-current and
counter-current flow arrangement is shown in Fig. 13.
Absorption of 70% (34.82 mol m−3) carbon dioxide at
constant inlet gas flow rate of 9.35 l/min was carried out to
study the effect of cascading of two cross-flow modules. The
results are shown in Fig. 14. The figure shows the effect of
the liquid velocity on the absorption flux for a cascade of two
modules. Hardly any difference is obtained between these
two cases. This can be attributed to the relatively small per-
centage removal (less than 20%) which is in line with the
observations made by Wang and Cussler [13]. At smaller
removal rates, the change in inlet and outlet concentrations
is relatively small and thus the average concentration differ-
ence between the two phases is unaffected by the co-current
or counter-current mode of operation. The numerical model
also indicates no significant difference in the performance of
the stack of two modules in co-current or counter-current flow
arrangement. However, a closer look on the numerical model
indicates that, as expected, at higher velocities the flux ob-
tained in the counter-current flow is slightly higher than in the
co-current flow arrangement. Differences will be more pro-
nounced for stacks of more modules and/or at higher removal
fractions. It should be noted that in the case of counter-current
operation for the model, the exit gas concentration and the gas
F on in m
oig. 12. Effect of liquid velocity on the gas outlet concentration for absorpti
f 70% CO2; QG = 13.3 l/min for the absorption of 30% CO2).odule I for constant inlet gas flow rate (QG = 16.1 lit/min for the absorption
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Fig. 13. Co-current and counter-current arrangement of two modules in series.
flow rate must be guessed to start the calculations. In actual
model, the uniform feed concentration and flow rate would
result in a concentration and flow gradient in the gas leaving
the final segment. Thus in principle gas outlet concentration
and flow gradient must be guessed to start the calculation,
which results into complex and tedious calculation. To make
the calculation routine easy, the uniform gas outlet concen-
tration and uniform gas outlet flow for each module were
guessed. Thus the calculations result in concentration and
flow gradient in the incoming feed even though the actual
feed has no gradient. The mixing cup concentration of the
incoming feed was then compared with the known feed con-
centration and guess of exit concentration and flow rate were
adjusted if necessary.
5.3. Performance analysis of cross-ﬂow membrane
module with the numerical model
The developed numerical model is a useful tool for cal-
culating the two-dimensional concentration profiles on the
shell as well as on the fiber side and thus calculating the
local concentration driving force. The understanding of the
driving force and concentration profiles within the modules
is useful for optimizing the flux in the module and thus
F
i
selecting the ideal operating conditions. Numerical simu-
lations were carried out for the absorption of carbon diox-
ide into fresh unloaded water using TNO modules (mod-
ule type I) to study the effect of operating conditions on
the shell-side concentration profiles. The shell-side flow
was divided into 20 cells along the length of the fiber and
70 cells (equal to the number of fibers; cell dimension
5 mm× 1.42 mm) in the direction of gas flow and no mix-
ing between the adjacent cells was assumed. In this way
maximum variation in the shell-side gas concentration over
the module was obtained. Fig. 15a–c shows the shell-side
gas concentration for three different values of percentage
removals.
When percentage removal is 70%, most of the solute is
removed from the gas phase. It can be seen from Fig. 15a
that the drop in the shell-side solute concentration in the di-
rection of gas flow is very sharp at the liquid entrance as
compared to the liquid exit. This is because the driving force
is the largest in the module where gas first meets the clean
unloaded liquid. However, at the liquid exit, the liquid is par-
tially loaded with the solute and hence the decrease in the
shell-side solute concentration near the liquid exit is smaller.
The combination of these effects results into reversal of the
concentration driving force gradient along the length of fiber













cig. 14. Effect of module arrangement on the absorption flux for constant
nlet gas flow rate of 9.35 l/min.seful in identifying less efficient/dead zone for mass trans-
er. The region near the liquid entrance and the gas exit has
ery low gas concentration and therefore is less efficient in
he mass transfer process. In such cases, local reversal of the
iquid flow direction or the installation of baffles perpendic-
lar to gas flow to enhance the mass transfer in less efficient
ones will improve the overall driving force.
By increasing the gas flow rate, the percentage removal
s well as the shell-side gas concentration gradient decreases
s shown in the case of 20 and 10% removal (refer Fig. 15b
nd c). At very low removal rates, there would be hardly a
radient in the shell-side gas concentration. In this case, the
iquid outlet concentration and the mass transfer flux can be
alculated by a simple mass balance across the whole module.
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Fig. 15. (a) Shell-side concentration profile at 70% removal for constant inlet gas velocity of 2× 10−3 m s−1 and liquid velocity of 0.125 m s−1. (b) Shell-side
concentration profile at 20% removal for constant inlet gas velocity of 1× 10−2 m s−1 and liquid velocity of 0.125 m s−1. (c) Shell-side concentration profile
at 10% removal for constant inlet gas velocity of 2× 10−2 m s−1 and liquid velocity of 0.125 m s−1.
The sensitivity of the numerical model with respect to the
shell-side mixing rules was also analyzed. Numerical simu-
lations were carried out for the absorption of 30–70% carbon
dioxide–nitrogen mixture into fresh unloaded water using the
TNO module at different operating conditions to get differ-
ent removal rates. Fig. 16 shows the percentage deviation
in the outlet gas concentration obtained between complete
mixing on shell side and no mixing on shell side as a func-
tion of removal percentage. The percentage error is defined
as the relative difference between the outlet concentrations
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Fig. 16. Effect of shell-side mixing on the gas outlet concentration (% error is defined as 100× (CG out-single cell −CG out-‘n′ cells)/CG out-single cell).
obtained with complete mixing on shell side i.e. using a sin-
gle cell and the outlet concentration obtained using multi-
cells with no mixing among the cells. It can be seen from
the figure that at low percentage of removal both mixing pat-
terns give the same outlet concentrations. However, at higher
percentages of removal the deviation in outlet concentration
increases substantially. This is because at a higher percent-
age of removal, the concentration gradient on shell side is
steep. Hence the number of cells and mixing pattern has a
significant effect on the performance of the module. At low
percentage of removal the shell-side concentration profile is
flat and the mixing between the cells becomes unimportant.
The positive values of error indicate that the outlet concen-
tration obtained using multi-cells is much lower as compared
to that obtained using single cell. Thus indicating that the
‘no-mixing’ on shell-side using multi-cells gives better per-
formance as compared to that of the ‘complete-mixing’ rule
using a single cell on the shell-side.
6. Conclusion
In the present study, physical gas absorption in a rectan-
gular cross-flow membrane gas liquid contactor is discussed















mathematical model is developed. The predictions of the de-
veloped numerical model are in good agreement with the ex-
perimental results. Three different mixing patterns namely,
complete mixing, no mixing and dispersive mixing on the
shell side were considered. The numerical simulations show
that the type of shell-side mixing is important at high per-
centages of solute removal. At low percentage of removal all
mixing rules give same results. At higher percentage of re-
moval no mixing on the shell side gives better performance.
The model developed can be used in design and optimiza-
tion of cross-flow membrane modules for (multi-component)
membrane gas absorption processes.
The strong dependence of the absorption flux on the liquid
velocity confirms the observation that in the case of physical
absorption controlling mass transfer resistance lies on the liq-
uid side. The experimental study of co-current and counter-
current arrangements for stack of two modules showed no
significant difference in the performance of the module. This,
however, can be attributed to the small percentage of re-
moval obtained in the lab scale modules. Nonetheless, the
detailed numerical simulations indicate that at higher rate











tarious parameters such as gas and liquid flow rates, solute
oncentration in the feed stream on the performance of the
ectangular cross-flow membrane gas–liquid contactors. The
ossibility of application of the cross-flow heat exchanger
nalogy in the limiting cases to the cross-flow membrane
as–liquid contactor is also explored. At low removal rates
nd/or low solute concentrations in the feed stream the exper-
mental results match very well with the predictions of heat
ransfer analogies. However, at the higher percentage of re-
ovals and at higher solute concentrations the change in the
olumetric flow is significant and heat transfer analogies can
o longer be used to predict the performance of the cross-flow
as–liquid membrane contactor. To predict the performance
f the cross-flow membrane contactor in such cases a detailedThis research is part of the research program performed
ithin the Centre for Separation Technology (CST), which
s a co-operation between the Netherlands Organization for
pplied Scientific Research (TNO) and the University of
wente. We acknowledge Benno Knaken and Wim Leppink
or the construction of the experimental set-ups and Irene
ootje for administrative support.
ppendix A. Derivation of analytical expressions
ased on heat transfer analogy
Following assumptions are made while deriving the heat
ransfer analogy for the cross-flow membrane contactor:
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1. steady state and isothermal operation (non-volatile liquid
phase);
2. no chemical reaction;
3. the changes in flow rates are very small and can be ne-
glected;
4. overall mass transfer coefficient and distribution coeffi-
cient are constant over the module;
5. the pitch and placing of the membrane fibers are uniform
and similar to that of the heat transfer equipments.




















where VL is the average liquid velocity through the fiber.




= Q1 dC1 (A.5)













The product ‘XY’ is the total mass transfer area of the
module. Rearranging and integrating Eq. (A.6) from 0 to X
and using boundary conditions at x= 0, C1 =C1,i and at x=X,
C1 =C1,ex, the final outlet concentration of the shell-side fluid
can be given by
Θ1,ex = (mC1,in −mC1,ex)(mC1,in − C2,in)
















Let the shell-side fluid Q1 be flowing in y-direction and
s completely mixed (refer Fig. A.1). The fiber-side fluid Q2
s unmixed and is flowing in x-direction. Since the mixing
n the shell side is assumed to be complete, C1 is a function
f y only and C2 is a function of both x and y. Consider the
trip of width ‘dy’ at y. The fluid flowing across this strip is
aving a constant concentration C1, while the fluid flowing






(mC1 − C2) (A.1)
here ‘m’ is distribution coefficient. Eq. (A.1) subject to
oundary condition:
2 = C2,in at y = 0 (A.2)
he outlet concentration from the strip is given by
(mC1 − C2x,y)





here K is overall mass transfer coefficient of the membrane
ontactor. In the case of physical absorption into a liquid
owing through a fiber, the overall mass transfer coefficient
an be approximated to the fiber-side mass transfer coefficient








C concentration [mol m−3]
D diffusivity [m2 s−1]
E dispersion coefficient [m2 s−1]
J flux [mol m−2 s−1]
K, k mass transfer coefficient [m s−1]
L length [m]
m distribution coefficient [–]
Q flow rate [m3 s−1]
r radius [m]
v velocity [m s−1]
X x-dimension of module [–]
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